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The aim of this work is to investigate the transport mechanism of radioactive nuclides
through the reverse osmosis (RO) membrane and to estimate its effectiveness for nuclide
separation from radioactive liquid waste. An analytical model is developed to simulate the
RO separation, and a series of experiments are set up to confirm its estimated separation
behavior. The model is based on the extended NernstePlank equation, which handles the
convective flux, diffusive flux, and electromigration flux under electroneutrality and zero
electric current conditions. The distribution coefficient which arises due to ion interactions
with the membrane material and the electric potential jump at the membrane interface are
included as boundary conditions in solving the equation. A high Peclet approximation is
adopted to simplify the calculation, but the effect of concentration polarization is included
for a more accurate prediction of separation. Cobalt and cesium are specifically selected for
the experiments in order to check the separation mechanism from liquid waste composed
of various radioactive nuclides and nonradioactive substances, and the results are
compared with the estimated cobalt and cesium rejections of the RO membrane using the
model. Experimental and calculated results are shown to be in excellent agreement. The
proposed model will be very useful for the prediction of separation behavior of various
radioactive nuclides by the RO membrane.
Copyright © 2015, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society.1. Introduction
Radioactive liquid wastes (liquid radwaste) generated in a
nuclear facility arise in a wide range of concentrations of
radioactive materials and in different physical and chemical
forms, which require the use of a variety of processing
methods for their treatment and conditioning. In other words,
the selection of a treatment process for a liquid radwaste isd under the terms of the
ich permits unrestricted
cited.
sevier Korea LLC on behadetermined by the physical, chemical, and radiological prop-
erties of the waste. It is also decided by factors such as release
of radioactive materials to the environment, solid radioactive
waste generation, occupational radiation exposure, reliability
and maintainability of the process system, and capital and
operational costs [1].
The key radioactive nuclides to be removed from the liquid
radwaste are cobalt (Co) and cesium (Cs) [2]. Over the years,Creative Commons Attribution Non-Commercial License (http://
non-commercial use, distribution, and reproduction in any me-
lf of Korean Nuclear Society.
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cess the liquid radwaste from commercial nuclear power
plants [3e5]. Most RO installations have operated efficiently,
producing high-quality water at low operating costs. Even
though membrane processes have long been employed suc-
cessfully in nuclear power plants, the separation mechanism
of the RO membrane is not yet clearly defined for the liquid in
a variety of conditions. In this study, an analytical model is
developed to simulate the RO separation in liquid radwaste,
and the separation behavior of Co and Cs from various
radioactive nuclides and nonradioactive substances is verified
by a series of experiments.Fig. 1 e Schematic representation of RO process in different
zones: (0) for feed solution; (1) for concentration
polarization; (2) for ROmembrane; and (3) for permeate. RO,
reverse osmosis.2. Theoretical model
A general theory to govern multi-components separations
through an RO membrane is developed using the extended
NernstePlanck equation [6] with electroneutrality and zero
electric current conditions. It is also assumed that the magni-
tude of the membrane charge varies with ion concentration
and pH inside themembrane as well as the specific interaction
potential between the ions and the membrane material.
All working equations are placed in nondimensional
forms. Concentrations are presented dimensionless using the
transformation c ¼ C/√Kw, where Kw ¼ 1014 (mol/1)2 ¼ 1020
(mol/cm3)2 is the water ion-product. Consequently, the prod-
uct of the hydrogen and hydroxyl ion concentrations in the
bulk water rescales to kw ≡ cH cOH ¼ 1. This product, which is
valid for the bulk water, is not assumed to be the same inside
the membrane.
2.1. Ion transport model in the membrane
The flux of ion i through an RO membrane consists of three
parts: (1) convective flux in connection with the convective
motion of water; (2) diffusive flux stemming from concentra-
tion gradients; and (3) electromigration flux resulting from the
spontaneously arising electric field [6,7]. At the steady state,
because there are no sources or sinks of salt ions, the fluxes
are constant and given by:
Ji ¼ aiciv Diðci 'þ zici4'Þ ¼ constant; i ¼ 1;…;N (1)
where, Ji is the flux of ion i; v is the convectional velocity; ai is
the factor that accounts for deviation of ion convective ve-
locities from the solution convective velocity [8,9]; Di is the ion
diffusion coefficient of ion i; 4(c) is the spontaneously arising
electric potential (dimensionless, 4¼fF/RT, where f is the
potential in volts, and F, R, and T are Faraday number, gas
constant, and absolute temperature, respectively); and zi is the
charge of ion i. Finally, the prime indicates the differentiation
with respect to position (d/dx).
If we introduce dimensionless flux, j ¼ J/v; Peclet number,
Pe ¼ vh/D, where D is the characteristic diffusion coefficient
and h is the thickness of the membrane layer; dimensionless
diffusion coefficients, di ¼ Di/D ; dimensionless position co-
ordinate, y ¼ x/h; and dimensionless electric field, E ¼ (d4/dy)/
Pe, Eq. (1) can be rewritten in a dimensionless form as follows:
ji ¼ aici  diðci '=Peþ ziciEÞ (2)where the prime indicates the differentiation with respect to
dimensionless position (d/dy).
In the solution, or in the membrane material, a given vol-
ume of material must be electroneutral and N different types
of ions are present. The condition of electroneutrality results
in:
XN
1
ðzici þ riÞ ¼ 0 (3)
where ri is the fixed charge density in themembrane, which is
0 in bulk solutions (e.g., in the feed and permeate). There are
two methods to estimate the fixed charge density in the
membrane: the analytical approach using selectedmembrane
values [10,11], and the calculation approach using experi-
mental results, i.e., measured ion retentions at a certain flux
[12]. In this study, the latter method is used to estimate ri to
realistically incorporate actual measured data into the model.
Experimental measurements of the fixed charge density in a
polyamidemembrane have shown that the isoelectric point of
charged groups is at pH 3e4 [11], which means above pH 4 the
membrane is negatively charged and below pH 4 it is posi-
tively charged.
Although the motion of an individual charged ion creates
an electrical current, the summation of all ion fluxes must be
0 if the feed and permeate are electrically isolated. This con-
dition results in:
XN
1
ziji ¼ 0 (4)
2.2. Theory for the single-layer membrane
Fig. 1 schematically explains the RO rejection process at the
single layer membrane. By examining the behavior of rejec-
tion and potential, it is seen that the concentrations tend to be
asymptotic at high Peclet numbers (Pe > 1). For the working
conditions of experiments, the data approach the asymptotic
behavior expected under high Peclet number conditions.
Thus, for the remainder of this work, the high Peclet number
approximation is used. A large Pe in the membrane results
from high water-velocity through the membrane, which
would tend to increase the concentration polarization.
In the experiments, even though the concentration polar-
ization isminimized using high cross-flow velocities, its effect
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tion of ion separation.2.3. Feed solution (Zone 0, Fig. 1)
The feed must be electrically neutral, which is stated as (from
1 to N-2 are salt ions; N-1 is Hþ; and N is OH):
XN
1
zic
ð0Þ
i ¼
XN2
1
zic
ð0Þ
i þ cð0ÞH  1
.
cð0ÞH ¼ 0 (5)
Note that the relationship of cHcOH ¼ 1 has been used to
express the hydroxide concentration in terms of hydrogen ion
concentration. From Eq. (5), the unknown hydrogen ion con-
centration can be determined from:
cð0ÞH ¼ Lþ

L2 þ 11=2 (6)
where L ¼PN21 zicð0Þi =2. The pH in the feed solution is then
given by:
pHð0Þ ¼ 7 log cð0ÞH (7)
2.4. Concentration polarization zone (Zone 1, Fig. 1)
In this zone, all a’s are 1, and thus:
ji ¼ ci  dð1Þi ðci '=Peþ ziciEÞ; i ¼ 1;/;N (8)
With the boundary conditions of 4(d) ¼ 0, cð1Þi ðdÞ ¼ cð0Þi ,
the concentration is calculated using Eq. (8) at x ¼ 0 using the
electroneutrality condition and zero total electric current as
follows:
cð1Þi ¼ cð0Þi expðvd=DiÞ ¼ cð0Þi expðvh=diÞ (9)
where cH and cOH are the same as in the feed.
2.4.1. Membrane zone (Zone 2, Fig. 1)
At high Peclet numbers, it is possible to neglect diffusion
fluxes. Equation (2) then becomes:
ji ¼ aici  diziciE; i ¼ 1; :::;N (10)
with the electroneutrality and zero electric current condi-
tions as before, respectively:
XN
1
ðzici þ riÞ ¼ 0 (11)
XN
1
ziji ¼ 0 (12)
In Eq. (11), ri is given by:
ri ¼ rsi fmi (13)
where rsi is the fixed charge density of the single-electrolyte
solution, and fmi is the ratio of the i-th ion concentration in
the mixture to that in single solutions which is derived from
the experiment for the single ion as shown in Appendix 1.
By setting electrochemical potentials equal on either side
of a boundary interface, at x ¼ 0, the boundary conditions
are [7]:ln cið0 Þ þ zi4ð0 Þ ¼ ln cið0þ Þ þ zi4ð0þ Þ þ Uð2Þi (14)
where Uð2Þi is the potential of each ion interaction with the
membrane in Zone 2, and the notations (0) and (0þ) denote
the left (negative) and right (positive) sides of the interface at
x ¼ 0, respectively.
By rearranging Eq. (14), the boundary conditions become:
ci ¼ c
ð1Þ
i
giuzi
; i ¼ 1;…;N (15)
where gi ≡ exp(Ui) is the distribution coefficient; Ui is the po-
tential of ion interaction with the membrane zone;
u ≡ exp(D40); and D40 is the electric potential jump (often
referred to as the Donnan potential) at the membrane inter-
face [7].
By inserting Eq. (15) into Eq. (11), the electroneutrality
condition yields:
XN
1
zic
ð1Þ
i
giuzi
þ ri ¼ 0 (16)
The solution of Eq. (16) gives u as a function of the con-
centrations in the feed (concentration polarization) solution.
All other remaining unknowns are also expressed in terms of
u. By inserting Eq. (10) into Eq. (12) and rearranging it, E is
expressed as follows:
E ¼
PN
1 aiziciPN
1 diz
2
i ci
(17)
2.5. Permeate zone (Zone 3, Fig. 1)
The concentration of salt ions in the permeate is given by [13]:
cðpÞi ¼ Ji=v ¼ ji (18)
where (p) denotes the permeate. The rejection of each ion
species can then be calculated from:
Ri ¼ 1 c
ðpÞ
i
cð0Þi
¼ 1 ji
cð0Þi
(19)3. Experiments
3.1. Apparatus
Fig. 2 shows a schematic diagram of the apparatus of the
experimental system used for this study.
From the waste water storage tank, the solution is fed
through the high pressure line into the RO module using the
high-pressure metering pump. A cross-flow design was used
tominimize the concentration polarization. The retentate and
permeate from the module are sent back to the waste water
storage tank to proceed to continue the operation. Throughout
the experiment the flow is monitored using the pressure
gauge and flow meter.
The characteristics of the RO membrane material used in
this experiment are summarized in Table 1.
PHigh pressure pump
Waste water  
storage tank
Concentrate
PermeateReverse osmosis unit
Sampler
Fig. 2 e Schematic diagram of the overall RO system.
RO, reverse osmosis.
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For the experiments, the liquid waste was produced to simu-
late the typical floor drain waste generated in a nuclear power
plant. The chemical composition of the simulated waste is
given in Table 2.
Experiments were carried out under the batchmodewith a
variety of conditions such as pH, concentration, and others as
shown in Table 3. The volume of each sample used for the
once-through test was 150 L of the simulated waste. The
concentrations of Cs and Co in the permeate were measured
using the atomic absorption spectrophotometer.Table 1 e Characteristics of the RO membrane.
Items Properties
Manufacturer/model no. DOW FILMTEC/SW-30-HR
Module type/material Spiral wound/polyamide
Size (element, cm) f6.1  H101
Product water flow rate (lpm) 0.84
Maximum pressure (MPa) 6.9
pH range 2e11
Maximum temperature (C) 45
Maximum turbidity (NTU) 1
Salt (Cl) rejection (%) 99.2e99.5
RO, reverse osmosis.
Table 2 e Composition of the simulated waste.
Item B Mg Ca Na Si K
Conc (ppm) 600 20 20 20 20 20
Item Cl Sulfate SS Co Cs Surfactant*
Conc (ppm) 40 100 30 5 5 40
*Ionic surfactant NLS (sodium lauryl sulfate).
Conc, concentration; SS, suspended solid.
Table 3 e Experimental conditions.
Items Operating condition
Pressure (MPa) 0e2.1
pH range 4e9
Temperature (C) 25e45
Turbidity <14. Results and discussion
4.1. pH effect
Depending on the level of solution pH, Co forms several spe-
cies of hydroxide in the solution as shown in Fig. 3 [14].
Fig. 3 presents various hydroxide forms of cobalt ion based
on a cobalt ion concentration of 0.0848mM at various solution
pH levels. Co(OH)2 and CoCO3 salt compounds begin to form at
pH 6.5 and complete their formation at around pH 7.5. The
dissolution of carbon dioxide into the solution reduced the pH
level in the solution, whichwould otherwise be in the range of
pH 7e9. This is due to carbon dioxide dissolutionwhich occurs
in the permeate as well as in the feed, altering the solution pH
and partially masking the change in pH caused by the mem-
brane separation. This effect was taken into consideration
during the simulation process.
In accordance with the potentialepH equilibrium diagram
of Cs in water at 25C, it can be seen that the simple ion of the
metal (e.g. Csþ) exists as a dissolved substance; no solid ox-
ides or hydroxides are present on the diagram due to their
great solubilities [15]. These features are valid only in the
absence of substances capable of forming soluble complexes
or insoluble compounds with metals. However, because Cs
metal forms practically no complexes and very few insoluble
compounds, we can assume that the Cs rejection does not
depend on solution pH values, which has been well proven by
the single-component experiment [16].
The experiments with a polyamide membrane with vari-
able pH conditionswere carried out using the simulated waste
solution to investigate its effects on Co and Cs rejection rates.
The tests were performed at a temperature of 25C and pres-
sure of 2.1 MPa, with variable pH conditions of approximately
pH 4, pH 7, and pH 9. The rejection rates of Co andCs increased
as pH increased as shown in Fig. 4. Based on these experi-
ments, the optimum pH condition for the rejection rate was
found to be pH 9. The rejection rates were 98% for Co and 93%
for Cs.
As an electrostatic interaction takes place between the
membrane charge and the charged components, both size and
charged effects have to be taken into account.When a charged
membrane is placed in a salt solution, the counter-ion con-
centration is higher in the membrane phase than in the bulk
solution, whereas the coion concentration is lower in the0.0E+00
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Fig. 3 e Behavior of Co species due to the change in
solution pH. Co, cobalt.
75
80
85
90
95
100
6543 Concentration (ppm)
R
ej
ec
tio
n 
(%
)
   Co rejection (%)    Cs rejection (%)
Fig. 5 e Rejection rates of Co and Cs at various
concentrations in the feed (experiment). Co, cobalt; Cs,
cesium.
Table 4 e Simulation parameters for various ions.
Naþ Ca2þ Hþ Cl B Co2þ Csþ
a 1.0 0.4 4.6 3.1 3.6 2.5 1.0
d 2.84 2.00 24.5 5.00 21.5 2.45 3.84
g 42.4 1,487 9.75 28.2 10.2 987 35.4
70
75
80
85
90
95
100
3 4 5 6 7 8 9 10
pH
R
ej
ec
tio
n 
(%
)
   Co rejection (%)    Cs rejection (%)
Fig. 4 e Rejection rates of Cs and Co at various pH levels of
solution (experiment). Co, cobalt; Cs, cesium.
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called the Donnan potential, is created to counteract the
transport of counter-ions to the solution phase and of coions
to the membrane phase. The effect of the Donnan potential is
then to repel the coion from the membrane. Because of elec-
troneutrality requirements the counter-ion is also rejected
and salt retention occurs.
However, we can see that the rejections for both nuclides
at pH 4 significantly drop compared with those at pH 9. As the
fixed charge density in the polyamide membrane has the
isoelectric point of the charged groups at a range of pH 3e4,
above pH 4 themembrane is negatively charged and below pH
4 the surface is positively charged. Hence, the rejections of
both positive charged ions decrease.
In general, the rejection behavior of Cs is not very sensitive
to pH level. However, as shown in Fig. 4, as the pH level in-
creases, the Cs rejection rate also increases. Some ions such as
Co, surfactant, etc., are found to be sensitive to pH level,
because small sized ions such as Cs and Na pass through the
membrane by the Donnan effect.
4.2. Concentration effect
Feed concentration can have an effect on membrane perfor-
mance, because the osmotic pressure depends on the con-
centration. As the concentration increases, in general, the
rejection first increases and then decreases later. Fig. 5 shows
the experimental data of rejection versus concentrations of Co
and Cs at pH 6 and pressure 2.1 MPa.
As can be seen in Fig. 5, the rejections of Co and Cs ions are
fairly constant with respect to concentrations, because of
lower feed concentrations and high cross-flow velocities. The
rejection of Co is higher than that of Cs because Co is sterically
larger and has a higher charge; that is, the Co concentration in
the membrane should be lower than that of Cs for the same
feed concentration. To study the influence of membrane
charge, i.e., salt concentrations on the salt retention, a dis-
tribution coefficient, g, is also used. The distribution coeffi-
cient describes the distribution of coions between the
membrane and solution, based on the Donnan equilibrium.
Hence, the value of the distribution coefficient should be
higher for Co than Cs. The experimental result gives a good
agreement with this phenomenon.4.3. Comparison between experimental and simulated
results
To estimate the rejection rates of each nuclide by the analyt-
ical estimation model, which is defined in the Theoretical
Model section, the concentration of nuclide, i, in the
permeate, cðpÞi , is to be calculated by using Eq. (10) and Eq. (18).
For this calculation the parameters are given in Table 4 based
on the simulated mixture solutions, which are obtained from
the experimental data of each single component. Then the
calculated cðpÞi is substituted into Eq. (19) to determine the
rejection rates of Cs and Co in the solutions.
To estimate a, a correlation is made using the steric hin-
drance pore model [17,18]. A value of d ¼ 5.0 is arbitrarily
chosen for Cl in the bulk water, and the values of d compare
well with the relative diffusion coefficients for other ions [19].
Fig. 6 shows the rejection behavior of Cs and Co estimated
by the analytical model simulation with respect to pH level.
In Fig. 6, the rejection rate of Co reaches a plateau at
approximately 0.98 starting at pH 4. This is due to the ion size
that is greater than the membrane pore size. The rejection
behavior of Cs is almost the same as that of Co, and reaches
the plateau at approximately 0.82. The rejection rates for both
nuclides at plateau are in good agreement with the results of
the experiment.
This analytical model is developed on the basis that all
radioactive nuclides are considered as electrolytes. In some
conditions this assumptionmay not be true. There are various
radioactive or nonradioactive ions in the liquid radwaste, and
their chemical properties also change with pH levels. In low
pH levels, for example, Co ions may become soluble salts, and
the salts may prevent Co ions from being chemical com-
pounds in the solution [14]. Therefore, because this kind of
Fig. 6 e Rejection rates of Cs and Co at various pH levels of
solution (model estimation). Co, cobalt; Cs, cesium.
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simulating the liquid radwaste, some adjustments are
required to this model in the preparation of input data
considering the characteristics of each component.
The rejections of both Co and Cs are shown in Fig. 7, where
the rejection rates of Co and Cs are approximately 0.98 and
0.82, respectively.
The change of concentration does not have a big effect on
the behavior of the rejection rate. The trend is in agreement
with the experimental data as shown in Fig. 5. In actuality, the
liquid radwaste contains a maximum of 85 ppt (1  102 mCi/
mL) of Co and 112 ppt (1  102 mCi/mL) of Cs [20].
Based on these estimated results, it can be concluded that
the analytical model gives a reasonably good description of
the experimental data.
Based on the extended NernstePlank equation, a simple
analytical model has been developed to describe the transport
mechanism of nuclides through an RO membrane in the
radioactive waste streams. The model confirmed that the re-
jections of Cs and Co are dependent on neither pH levels in the
range of 4e9 nor small changes of concentration.
Based on the operating experiences of Korean nuclear
power plants, the liquid radwaste has the following charac-
teristics: pH levels of approximately 4e9, and concentrations
of Co and Cs of 85 ppt and 112 ppt at maximum, respectively.
Hence, the model is in good agreement with the experimentalFig. 7 e Rejection rates of Co and Cs at various
concentrations in the feed (model estimation). Co, cobalt;
Cs, cesium.data, and will be used to predict the rejection behavior of the
RO membrane. In addition, it is confirmed that the RO sepa-
ration technology can easily be applied to process the liquid
radwaste without adjustment of pH conditions in nuclear
power plants.
The liquid radwaste as specified in Table 2 contains boric
acid in the form of B(OH)3 at pH < 5, however, the variation of
pH causes the production of various anion species such as
B(OH)4, B3O3(OH)4, and B3O3(OH)52 as a result of the hy-
drolysis of B(OH)3. Radioactive nuclides combined with these
soluble species have an effect on its rejection rates in the so-
lution. Further work will include the simulation of detailed
chemical reaction phenomena among ions in the solution
with a variety of pH conditions, and will consider the quan-
tification of its effects.Conflicts of interest
All authors have no conflicts of interest to declare.
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c dimensionless concentration ()
C concentration (mol/cm3 or mol/L)
d dimensionless diffusion coefficient ()
D diffusion coefficient (cm3/s)
E ¼ (d4/dy)/Pe ¼ (d4/dx)h/Pe, dimensionless potential
gradient (electric field) ()
F Faraday number (96,485 C/mol)
g ¼ exp(U), dimensionless flux ()
h membrane layer thickness (cm)
j ¼ J/v, dimensionless flux ()
J ion flux (cm/s)
km dimensionlesswater ion-product in themembrane ()
kw dimensionless water ion-product in bulk water ()
Kw water ion product (mol
2/cm6)
N number of types of salt ions ()
Pe Peclet number ()
r volume density of fixed charge ()
R rejection coefficient ()
R gas constant (only used in combination with
temperature, as RT)
T temperature (K)
u ¼ exp(Df)
U potential of interaction between ion and membrane
()
v convectional velocity (cm/s)
x coordinate (cm)
y dimensionless coordinate ()
z ion charge ()
a deviation of ion-convective velocity from solution-
convective velocity ()
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 8 5 9e8 6 6 865d thickness of concentration polarization zone (cm)
4 potential (V)
f dimensionless electric potential ¼ 4F/RT()Subscripts
þ cation
e anion
H Hþ ion
i ion index
OH OH ion
w bulk waterSuperscripts
(0) feed solution
(p) permeateAppendix 1. Calculation of the charged density in
the membrane.
The subscripts þ and  refer to the cation and anion,
respectively, and the notation (0) denotes a value on the left
(negative) side of the interface at x ¼ 0, and (0þ) denotes a
value on the right (positive) side of the interface at x ¼ 0. In
addition, the subscripts (o) and (p) refer to the feed zone and
permeate zone, respectively.
Electroneutrality in the feed is given by:
zþc
ð0Þ
þ þ zcð0Þ ¼ 0 (A-1)
where the ion charge, z, includes the proper sign. However,
the fixed charge density, r, inside the membrane can be given
by:
zþcþ þ zc þ r ¼ 0 (A-2)
The zero total electric current condition is given by:
zþjþ þ zj ¼ 0 (A-3)
At a high Peclet number, it is possible to neglect diffusion
flux. Therefore, in the membrane, the ion fluxes are given by:
jþ ¼ aþcþ  dþzþcþE (A-4)
and
j ¼ ac  dzcE (A-5)
Boundary conditions for determining concentrations
across interfaces result from setting equal electrochemical
potentials on either side of a boundary interface [7], which
results at y ¼ 0 (x ¼ 0),
cþð0þÞ ¼ cð0Þþ
1
gþ
eðzþD40Þ (A-6)
and
cð0þÞ ¼ cð0Þ
1
g
eðzD40Þ (A-7)
where gi ¼ exp(Ui) is the distribution coefficient and D40 is the
electric potential jump (often referred to as the Donnan po-
tential) at the membrane interface at x ¼ 0 (Ui is the potential
of ion interactions inside the membrane).
At x ¼ h (y ¼ 1),cþðhÞ ¼ cðpÞþ
1
gþ
eðzþD40Þ (A-8)and
cðhÞ ¼ cðpÞ
1
g
eðzD40Þ (A-9)
with the concentrations in the permeate given by:
cðpÞþ ¼ Jþ=v ¼ jþ (A-10)
and
cðpÞ ¼ J=v ¼ j (A-11)
The rejection of each salt-ion species can be calculated
from:
R ¼ 1 c
ðpÞ
þ
cð0Þþ
¼ 1 jþ
cð0Þþ
(A-12)
Therefore, from equation (A-2), the charged density of the
membrane can be given by:
r ¼ 

zþc
ð0Þ
þ
1
gþ
eðzþD40Þ þ zcð0Þ
1
g
eðzD40Þ

(A-13)
D40 can be calculated as follows by substituting equation
(A-6) and (A-8) into equation (A-12). In this paper, the value of
the actual rejection per species was obtained from the
experiment.
D4 ¼ lnð1 RÞ
2z
(A-14)
Therefore, the charged density of the membrane per spe-
cies can be calculated by substituting equation (A-14) into
equation (A-13).
The above approach, however, is valid only for a binary
electrolyte and is not generally true for multicomponent sys-
tems. It is noted that the effective charged density of the
membrane is estimated by streaming potential measure-
ments to determine the zeta potential of the membrane for a
multicomponent system [11].
r ¼ ðð2,F,eÞ=ðk,TÞÞ0:54
X
i
Ciz
2
i
0:5
yq,CsE (A-15)
From equation (A-15), the effective charged density in the
membrane for a multicomponent system is dependent the
concentration of each species. Therefore, in this study, the
effective charged density in the membrane for a multicom-
ponent system, r I, is given by:
ri ¼ rsi fmi (A-16)
where rsi is the fixed charge density of the single-electrolyte
solution, and fmi is the ratio of the i-th ion concentration in
mixture to that in single solutions which is derived from the
experiment for the single species.r e f e r e n c e s
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